Abstract Autophagy is a lysosomal degradative pathway that functions to promote cell survival by supplying energy in times of stress or by removing damaged organelles and proteins after injury. The involvement of autophagy in the pathogenesis of nonalcoholic fatty liver disease (NAFLD) was first suggested by the finding that this pathway mediates the breakdown of intracellular lipids in hepatocytes and therefore may regulate the development of hepatic steatosis. Subsequent studies have demonstrated additional critical functions for autophagy in hepatocytes and other hepatic cell types such as macrophages and stellate cells that regulate insulin sensitivity, hepatocellular injury, innate immunity, fibrosis, and carcinogenesis. These findings suggest a number of possible mechanistic roles for autophagy in the development of NAFLD and progression to NASH and its complications. The functions of autophagy in the liver, together with findings of decreased hepatic autophagy in association with conditions that predispose to NAFLD such as obesity and aging, suggest that autophagy may be a novel therapeutic target in this disease.
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Introduction
Autophagy is an intracellular pathway that targets and transports cellular components such as organelles and proteins to lysosomes for degradation. There are three types of autophagy-macroautophagy, chaperone-mediated autophagy (CMA), and microautophagy-which differ from each other in many respects including regulation, substrate capability, and mechanism of substrate translocation into the lysosome. With macroautophagy, entire cellular organelles such as mitochondria or lipid droplets, or large protein aggregates, are sequestered in a double membrane structure of unclear origin termed an autophagosome. The autophagosome fuses to a lysosome resulting in the degradation of the contents of the autophagosome by the hydrolytic enzymes of the lysosome [1] . CMA degrades soluble proteins containing a specific pentapeptide motif through binding to a chaperone protein for translocation to the lysosome and internalization after binding to the lysosome-associated membrane protein type 2A (LAMP-2A) [2] . After degradation of the cellular components in the lysosome, the breakdown products are released into the cytosol for reuse or metabolism into energy. All cells have basal levels of macroautophagy and CMA that are generally increased to cope with a variety of cellular stresses. However, it is now recognized that basal levels of autophagy are also functionally important [3] . The third form of autophagy, microautophagy, is not inducible and differs from the other two forms of autophagy in that it involves the direct uptake of substrates by invaginations of the lysosomal membrane. The function of this form of autophagy in the liver has yet to be delineated. Our understanding of the functions of autophagy have expanded greatly from the original concept that this pathway only performs the two basic functions of maintenance of cellular energy homeostasis in times of limited nutrients and removal of damaged or aged cellular constituents [4] [5] [6] . Interestingly, many of the more recently described functions of autophagy are highly relevant to the pathogenesis of nonalcoholic fatty liver disease (NAFLD) including the ability of macroautophagy to regulate cellular insulin sensitivity, metabolize cellular lipid stores, mediate hepatocyte resistance to injurious stimuli such as oxidants and cytokines, and prevent overactivation of the innate immune response. These functions of autophagy in pathways considered important to the development of NAFLD, the current direct evidence of the pathophysiological involvement of hepatic autophagy in NAFLD and its complications, and the possible therapeutic targeting of autophagy in this disease will be discussed.
Autophagy Is Down-Regulated Under Conditions that Predispose to NASH
One of the factors driving the concept that autophagy plays a role in NAFLD pathophysiology is that autophagic function is decreased in the liver under several conditions that predispose to NASH. The prevalence of NASH increases with age in both mice [7] and humans [8] , and with aging there is a loss of autophagic function. High-fat diet (HFD)-induced obesity and genetic obesity result in decreased macroautophagy [9, 10] and CMA [11] in the liver. Although reports exist of decreased autophagy in human NAFLD [12] [13] [14] , there are currently no methods to determine the levels of autophagy in human liver samples. Measures of the numbers of autophagic vacuoles (autophagosomes or autolysosomes which are autophagosomes fused to lysosomes) by various forms of microscopy, or of protein levels for the integral autophagosome membrane protein microtubule-associated protein light chain 3 (LC3), simply indicate that there are altered steady-state numbers of autophagosomes, which may result from either an increase or decrease in the level of autophagy. Levels of the p62/sequestosome 1, a protein degraded by autophagy, are also inaccurate in measuring autophagic function due to possible concomitant proteasomal degradation and increased expression of this protein. Thus, it remains unclear at this time whether levels of autophagy are decreased in human NAFLD as has been demonstrated in rodent models.
The effect of obesity on autophagy in the liver differs from that in adipose tissue where macroautophagy is increased with obesity [15, 16] . The mechanisms of these divergent organ-specific effects on autophagic function in response to excess lipid accumulation need to be examined, but the implication is that there are distinct cell-specific effects of lipids on the autophagic machinery of the hepatocyte. A number of possible mechanisms for the inhibition of autophagy in fatty livers have been suggested including decreased expression of autophagy genes and reduced levels of degradative lysosomal enzymes [17] , but the most important cause is likely impaired fusion of the autophagosome with the lysosome [18, 19] . Hyperinsulinemia may also contribute to the hepatic defect in autophagy as the ability of insulin to suppress autophagy in mouse liver is retained despite the presence of hepatic insulin resistance, indicating that hyperinsulinemia might contribute to impaired autophagy in the diabetic/obese state [20] . In NAFLD, a self-perpetuating cycle might therefore exist in which hepatic lipid accumulation promotes insulin resistance, and both of these events impair autophagy, further worsening steatosis and insulin insensitivity. Findings of decreased autophagy in conditions that predispose for NASH such as aging and obesity support the possibility that decreased autophagic function may contribute to the pathophysiology of NASH.
Lipophagy Regulates Hepatocellular Fat Accumulation
A defining feature of NAFLD is steatosis which is the excessive accumulation of triglycerides (TGs) and cholesterol in lipid droplets in hepatocytes [21, 22] . Whether steatosis is a benign and distinct process, or a critical initial stage of disease that must occur prior to the development of inflammation, hepatocyte injury, and the eventual fibrosis that characterizes nonalcoholic steatohepatitis (NASH), is uncertain [23] [24] [25] . The presence of peripheral insulin resistance in NAFLD increases the flow of serum free fatty acids (FFAs) to the liver where they are taken up and stored, but the other mechanisms that underlie the abnormal lipid accumulation in NAFLD remain unclear.
The initial finding that prompted interest in the involvement of autophagy in NAFLD was that macroautophagy mediates hepatocyte metabolism of intracellular lipids. Although endogenous lipids had not been described as a substrate for autophagy, the regulatory and functional similarities between lipolysis and macroautophagy prompted an examination for a potential role for autophagy in the degradation of hepatic lipids [26] . Both a pharmacological inhibition of autophagy and genetic knockdown of the autophagy gene Atg5 increased lipid content in cultured hepatocytes in response to lipid challenges such as FFA supplementation [9] . Fluorescence microscopy confirmed that with a decrease in autophagy, lipid accumulated in lipid droplets and that lipids trafficked through the autophagic pathway in hepatocytes. The inhibition of macroautophagy decreased the lipolytic breakdown of TGs and cholesterol from lipid droplets leading to increased steatosis after a lipid challenge. A reduction in hepatocyte mitochondrial fatty acid b-oxidation also occurred presumably secondary to the reduced supply of FFAs, a finding which has important implications for the maintenance of hepatic energy homeostasis during any form of stress.
Studies of mouse livers confirmed the in vivo association of the autophagosome-associated protein LC3 with lipid droplets, and the presence of lipid and lipid droplet proteins in autophagosomes [9] . In response to fasting, the numbers of autophagic vacuoles containing lipid cargo increased, indicating the ability of autophagy to specifically target lipids, a process termed lipophagy. The ability of alterations in hepatocellular autophagic function to modulate the development of steatosis was demonstrated by findings in hepatocyte-specific Atg7 knockout mice that inhibition of macroautophagy led to marked increases in hepatic TG and cholesterol content. Together, these findings identified an essential function for macroautophagy in the regulation of hepatocellular lipid stores through the metabolism of stored lipids and suggested that an impairment in this pathway may be a mechanism for the development of hepatic steatosis. Further support for this concept was provided by findings that autophagy also regulates steatosis in alcohol-induced fatty liver [27] . Other mechanisms by which macroautophagy may regulate lipid content likely exist as for example through the degradation of factors that mediate lipid metabolism as has been reported for apoprotein-B [28] .
A number of subsequent studies have also supported the fact that an inhibition of hepatocyte macroautophagy results in excessive liver lipid accumulation. Knockdown of Atg14 increased hepatic TGs [29] as did knockout of the positive transcriptional regulator of autophagy transcription factor EB (TFEB) [30] . Adenoviral overexpression of Atg7 or Atg14 successfully reversed hepatic steatosis in genetic obesity models [10, 29] . Thus, considerable evidence among different autophagy genes and different rodent models of NAFLD supports the concept that a decrease in autophagy promotes hepatic steatosis. However, other studies have failed to find increased steatosis, or even reported decreased steatosis, when hepatocyte macroautophagy is inhibited. These inconsistences may in part be due to different genetic models, diverse dietary manipulations, varying levels of macroautophagy inhibition or compensatory up regulation of CMA, or experimental conditions such as the age of the mice. Another report in mice with a hepatocyte-specific knockout of Atg7 reported decreased steatosis after an unspecified period of high-fat diet (HFD) feeding, although quantitative lipid studies were not performed [31] . Hepatocyte deletion of focal adhesion family kinaseinteracting protein of 200 kDa (FIP200), a core component of the complex initiating autophagosome formation, also reduced hepatic TG content after the induction of hepatic steatosis by starvation or HFD feeding [32] . These findings may be explained by the failure to sufficiently block lipophagy as FIP200 knockout mice actually had increased rather than decreased LC3-II levels. FIP200 deficiency affected many genes involved in lipid metabolism suggesting that loss of FIP200 may have altered lipid metabolism through off-target effects not on autophagy. Thus, considerable evidence supports the fact that factors that decrease hepatocyte macroautophagy promote steatosis in murine NAFLD and therefore potentially in the human disease, although controversy still exists and the area requires further study.
Alternative mechanisms by which autophagy may regulate hepatocyte lipid metabolism have been demonstrated for CMA. Mice with an inhibition of CMA due to a knockout of LAMP-2A developed hepatic steatosis in association with abnormalities in carbohydrate and lipid metabolism secondary to the failure to degrade certain metabolic enzymes by CMA [33] . Knockout mice did not develop the phenotype of the metabolic syndrome and in fact displayed decreased body and adipose mass. A second mechanism of CMA involvement in steatosis may be through effects on the degradation of proteins that coat the surface of the lipid droplet. Although the studies were all conducted in fibroblasts, two critical lipid droplet proteins, perilipin 2 (PLIN2) and perilipin 3 (PLIN3), were identified as substrates that are degraded by CMA prior to the start of lipolysis [34] . This degradation promoted the association of adipose triglyceride lipase and macroautophagy proteins to the lipid droplets for the purpose of initiating lipolysis. Blocking CMA in cultured cells and mouse liver led to reduced association of adipose triglyceride lipase and macroautophagy-related proteins with lipid droplets, a subsequent decrease in lipid oxidation, and the accumulation of lipid droplets in cells. The overall contribution of this mechanism of CMA-dependent lipid metabolism versus the effects of CMA on the degradation of metabolic enzymes in CMA-knockout mice was not defined. These findings suggest that decreases in either macroautophagy or CMA have the potential to promote the development of steatosis.
Macroautophagy Maintains Insulin Sensitivity
In humans, insulin resistance is strongly associated with NAFLD development. Peripheral insulin resistance triggers an elevated rate of lipolysis in adipose tissue leading to increased serum FFAs that are taken up by the liver and incorporated into lipid droplet-stored TGs. As previously discussed, the increased inhibition of autophagy by hyperinsulinemia may worsen this effect because steatosis resulting from decreased autophagy may promote hepatic insulin resistance that increases hepatic glucose production.
In addition to the direct effects of lipophagy on hepatocyte steatosis, the decrease in macroautophagy that occurs in obesity has been mechanistically linked to hyperinsulinemia and insulin resistance [10, 20] . Yang et al. [10] demonstrated reduced hepatic autophagic function in hyperinsulinemic, obese HFD-fed and ob/ob mice as reflected in decreased amounts of LC3-II, increased levels of p62, and decreased numbers of autophagosomes/autolysosomes by electron microscopy [20] . A functional impairment of autophagy was demonstrated by a failure of the liver to up regulate macroautophagy with starvation. Hepatic expression of autophagy genes including Atg5 and Atg7 was decreased, suggesting that this effect was the mechanism of decreased autophagy. In cultured hepatocytes and mouse liver, an inhibition of autophagy decreased insulin-induced cell signaling in association with increased endoplasmic reticulum (ER) stress. Importantly, viral expression of the autophagy gene Atg7 reduced ER stress and improved insulin sensitivity [10] . ER stress has been implicated in the pathogenesis of NASH, and these findings suggest that decreased hepatic autophagy in obesity may lead to ER stress due to a reduced ability to remove damaged proteins. Increased ER stress in the presence of decreased macroautophagy may promote insulin resistance as well as other events such as hepatocellular injury. However, direct evidence that ER stress mediates these effects in the setting of decreased autophagy is needed to fully prove this hypothesis. Moreover, other studies of the livers of HFD-induced obese mice have failed to reveal significant decreases in autophagy genes, and more recent studies attribute the defect in hepatic autophagy in obesity to defective autophagosome/lysosome fusion [18, 19] , as previously discussed. Nonetheless, these studies provide convincing evidence that defects in autophagy with obesity promote steatohepatitis and reversing the defect in hepatic autophagy can have beneficial effects on the hepatic manifestations of the metabolic syndrome.
Involvement in Hepatocyte Injury
The mechanisms that underlie the progression from simple steatosis to NASH with hepatocyte injury and death, inflammation, and fibrosis remain unclear, but may involve cellular injury from factors such as oxidative stress [35] and inflammatory cytokines [24] . Multiple functions of autophagy that mediate cellular resistance to death have been demonstrated that are relevant to NASH because they modulate injury from factors and pathways thought to be involved in hepatocyte injury in NASH. Autophagy is known to regulate cell death pathways including those triggered by oxidants and tumor necrosis factor (TNF) which may mediate NASH injury. In addition, autophagy may reduce injury in NASH by removing damaged organelles or proteins that contribute to cellular dysfunction. Finally, there is crosstalk between autophagy and the apoptotic cell death pathway, and components of the two pathways interact or have dual functions [36, 37] . Numerous potential mechanisms therefore exist by which autophagy may protect against cellular injury in NASH.
Evidence exists from a series of in vitro and in vivo studies that autophagy is a critical pathway for hepatocyte resistance to a number of death stimuli relevant to the pathogenesis of NASH. A hallmark of NASH is the accumulation of abnormal mitochondria suggesting that the inadequate removal of damaged mitochondria may contribute to this disease [38] . Mitophagy, a selective form of macroautophagy that degrades mitochondria, is particularly important in hepatocytes because their lack of proliferation results in a long life span that leads to the excessive accumulation of many cellular components including mitochondria. The impairment in hepatic autophagy that occurs in association with a fatty liver may lead to a failure to adequately remove damaged mitochondria, particularly ones in which activation of the mitochondrial death pathway has occurred, and cause oxidative stress or the release of mitochondrial factors that trigger apoptosis in NASH [39] . Cultured hepatocytes with a knockdown of Atg5 to inhibit macroautophagy are sensitized to death from superoxide-mediated oxidative stress [40] . In these studies, knockout cells became depleted of ATP and released increased amounts of mitochondrial cytochrome c, consistent with the necessity for macroautophagy to remove damaged mitochondria and maintain mitochondrial ATP levels in response to oxidant stress. However, sensitization to death from oxidative stress was not mediated completely by direct effects on mitochondria as death was partly the result of over activation of the upstream c-Jun N-terminal kinase (JNK)/c-Jun signaling pathway. Increased JNK signaling from oxidative stress and impaired autophagy may promote disease in NAFLD as hepatic JNK over activation underlies NASH development and progression [41] . The mechanism by which macroautophagy selectively targets the JNK pathway remains to be determined. These investigations also demonstrated a role for CMA in hepatocyte resistance to oxidant stress as a knockdown of the CMA receptor LAMP-2A sensitized hepatocytes to death from menadione through a mechanism distinct from that for macroautophagy [40] . The mechanism of CMA's protective effect was not determined, but may be through the removal of damaging, oxidized proteins. Studies are needed to examine the specific role of autophagy in oxidant stress generated in the setting of hepatocyte steatosis.
Another potential mechanism by which autophagy may protect against liver injury in NAFLD is through inhibition of hepatocyte death receptor pathways. Macroautophagy prevents death receptor-mediated apoptosis from TNF and Fas, two factors implicated in hepatocellular injury in NASH [42, 43] . Mouse fibroblasts lacking Atg5 are sensitized to death from both Fas and TNF [44] . Mice with a hepatocyte-specific knockout of Atg5 have increased TNFdependent liver injury in the setting of hepatotoxin exposure [45] . Finally, as previously discussed, ER stress is associated with insulin resistance and NASH, and macroautophagy has been reported to protect against cell death from ER stress [10, 46] .
Whether these mechanisms of autophagy-induced protection against cellular injury function in NAFLD is unclear as limited investigations have been conducted on the effects of hepatocyte autophagy on liver injury in rodent NAFLD models. When mice with a knockout of the autophagy gene Fip200 were fed a HFD, increased liver injury and fibrosis developed as compared to control mice [32] . These findings support the concept that hepatocyte autophagy provides resistance to liver injury in NAFLD and may protect against the progression to NASH. However, hepatocyte autophagy gene knockout mice develop profound, spontaneous liver injury with a normal diet because of the excessive accumulation of damaged and toxic cellular components in these nondividing cells. Whether steatotic hepatocytes are any more sensitive to injury and death with a loss of macroautophagy is therefore still uncertain and requires further study with inducible hepatocyte autophagy knockout models.
Macrophage Autophagy Regulates the Innate Immune Response in NAFLD
Although initial studies of autophagy in the liver focused on the role of this pathway in hepatocytes, recent investigations have expanded our understanding of the functions of this pathway into other hepatic cell types such as macrophages. A central mechanism of many of the manifestations of the metabolic syndrome is a systemic over activation of the innate immune response that results in multi-organ inflammation [47] . Macroautophagy was initially implicated in the regulation of innate immunity through the ability of autophagy to sequester microorganisms and prevent them from initiating an inflammatory response. Subsequently, macroautophagy was found to directly regulate the innate immune response induced by pathogen recognition receptors such as the toll-like receptors (TLRs) [48] . A number of TLR ligands are thought to be involved in the pathogenesis of NASH including saturated fatty acids and lipopolysaccharide (LPS). Atg16L1, an autophagy gene associated with susceptibility to inflammatory bowel disease, has been demonstrated to regulate LPS-induced intestinal inflammation. With a reduction in autophagy, macrophages have increased activation of the inflammasome, an intracellular structure that cleaves the proforms of the proinflammatory cytokines IL1b and IL-18 into their active, secreted forms [49] . Mice lacking hematopoietic cell Atg16L1 develop increased dextran sulfate-induced inflammatory colitis mediated by these two cytokines [49] . LPS is a TLR4 ligand, and both LPS and TLR4 have been implicated in the pathogenesis of NASH [50, 51] . These findings suggested the possibility that defects in macrophage macroautophagy may therefore amplify hepatic steatosis and/or liver injury. Interestingly, LPS-induced TLR signaling stimulates the autophagic response [52] , suggesting that the role for TLR signaling in NASH may be complex with both beneficial and detrimental effects.
Recent investigations have demonstrated an important anti-inflammatory role for macrophage autophagy in nonalcoholic fatty liver disease, but through a different mechanism than reported in the intestine [53] . Initially, the studies demonstrated that in HFD-induced obesity, macroautophagy was decreased in macrophages, indicating the relevance of studies of impaired macrophage autophagy to the pathophysiology of the end organ manifestations of obesity such as NASH. Mice with a myeloid cell-specific knockout of Atg5 fed a HFD and injected with low-dose LPS for 2 weeks developed increased systemic and hepatic inflammation in the absence of any change in the numbers of inflammatory cells in the liver. Surprisingly, the knockout mice had systemic increases in proinflammatory cytokines such as TNF and IL-6, but not in IL-1b as had been reported in the intestine. The mechanism of this increase in inflammation was that hepatic macrophages with decreased macroautophagy had both increased polarization into proinflammatory M1 macrophages and decreased polarization into anti-inflammatory M2 macrophages [53] . Decreased macrophage autophagy, as occurs with obesity, led therefore to over activation of the hepatic innate immune response through effects on macrophage polarization pathways. This effect promoted liver injury as HFD-fed, LPS-treated knockout mice had increased liver injury although the amount of steatosis was unaffected. This mechanism of increased inflammation was specific for the liver as the decrease in macrophage autophagy failed to affect the extent of inflammation in adipose tissue. In addition, in a toxin-induced model of acute liver injury, decreased macrophage autophagy also led to increased liver injury but secondary to toxicity from elevated amounts of IL-1b generated by increased inflammasome activation [54] , similar to what had been reported in the intestinal inflammatory model [49] . Therefore, in the fatty liver, distinct mechanisms lead to over activation of the innate immune response in macrophages with defective autophagy. Individual variation in the levels of macrophage macroautophagy may be a determinant of whether progression from simple steatosis to steatohepatitis occurs in patients with NAFLD.
Autophagy in Hepatic Stellate Cells Modulates Hepatic Fibrogenesis
Another hepatic cell type in which recent investigations have demonstrated an important function for autophagy in liver disease is the hepatic stellate cell. The most important determinant of the clinical outcome in patients with NASH is the extent of fibrosis that results from activated hepatic myofibroblasts producing excessive extracellular matrix. Quiescent stellate cell's lipid stores, primarily in the form of vitamin A, are lost during activation which suggested the possibility that lipophagy may function in this lipid break down to mediate the transdifferentiation process. Recent studies have confirmed that macroautophagy mediates hepatic stellate cell activation and the development of hepatic fibrosis [55, 56] . Toxin-induced hepatic fibrosis led to increased levels of macroautophagy in stellate cells [55] . A knockdown of autophagy decreased stellate cell activation which was restored by supplementation with the fatty acid oleate. This effect of fatty acid supplementation indicates that it is specifically lipophagy that mediates stellate cell activation by autophagy, probably by supplying substrates for the energy needed to drive activation [55] . A stellate cell-specific inhibition of autophagy decreased the development of fibrosis in vivo [55] . In contrast to the detrimental effects that occur from the decrease in autophagy in hepatocytes and macrophages in obesity, it is possible that increases in hepatic stellate cell autophagy may promote the complication of fibrosis in NASH. Levels of hepatic stellate cell autophagy in NAFLD models, and the role of autophagy in NASH fibrosis, have to be examined to determine whether autophagy functions in this manner in fatty livers, but these findings raise the possibility that therapies to increase autophagy may promote fibrosis in this disease.
Decreased autophagy in macrophages has also been shown to promote fibrosis in the chronic carbon tetrachloride model [57] . In response to this toxin, the macrophage autophagy-deficient mice discussed above had a greater inflammatory response with amplified IL-1a and IL-1b generation that resulted in an increase in the numbers of activated myofibroblasts and fibrosis. Knockout macrophages promoted myofibroblast activation in vitro by an IL-1-dependent mechanism, and in knockout mice, fibrosis was reduced by IL-1 neutralization. These studies provide additional evidence of the importance of macrophage autophagy in regulating hepatic inflammation, and may be relevant to fibrosis in NASH in which inflammasome activation and IL-1b are known to have important biological effects.
Autophagy and Hepatocellular Carcinoma
Hepatocellular carcinoma (HCC) is a well-recognized late complication of NASH, but the factors that promote malignant transformation are unclear [58] . Macroautophagy has been reported to have dual effects on carcinogenesis. Current evidence suggests that autophagy prevents tumor initiation by blocking cellular injury or promoting the removal of damaged cells, but that autophagy in cancer cells promotes tumor progression by supporting their high metabolic needs [59] . A number of animal studies in which hepatocyte macroautophagy has been inhibited have resulted in the development of hepatic tumors. Haploinsufficiency for the autophagy gene Beclin 1 in mice leads to the spontaneous development of liver tumors [60, 61] . Consistent with the mouse studies, loss of Beclin 1 is frequent in human HCC and correlates with a bad prognosis [62] . Mouse hepatocyte knockouts of Atg5 and Atg7 also lead to the development of large numbers of hepatic adenomas but not HCCs [63] , supporting the importance for macroautophagy in preventing hepatic tumor initiation. However, these findings must be interpreted with caution as a knockout of Atg5 or Atg7 in hepatocytes leads to the development of marked liver injury and compensatory proliferation, either of which by themselves may trigger malignant transformation. A mechanism of this tumor promotion is an increase in the autophagy-degraded adaptor protein p62 which leads to over activation of nuclear factor erythroid 2-related factor 2 (Nrf2) that up regulates antioxidant enzymes and drug efflux pumps that promote tumor survival and growth [64, 65] . None of the current animal studies have specifically addressed the development of HCC in NAFLD. With the exception of contrasts of the levels of autophagy genes in tumors versus normal liver tissue, little is known about autophagy in human HCC. Current evidence therefore suggests that the decrease in hepatocyte autophagy that occurs with steatosis may promote tumor initiation, but other factors in this disease likely mediate progression to HCC. Completely unstudied is the potential importance of autophagy in hepatic tumor macrophages that may modulate HCC development.
Targeting Autophagy as a Therapy for NASH
The involvement of autophagy in many cellular pathways relevant to NAFLD pathophysiology (Fig. 1 ) and the decrease in autophagic function that occurs with a fatty liver suggest that agents to increase hepatic autophagy may be effective in the treatment of this disease. In addition, the hepatic effects of autophagy may explain how some current interventions or established prognostic factors for NAFLD affect the outcome in this disease. The potential therapeutic effects of an increase in autophagy include: (1) improved insulin sensitivity; (2) reduced hepatocyte lipid accumulation; (3) cytoprotection against cytokine-and oxidantinduced injury; and (4) decreased macrophage activation that limits inflammation. These beneficial effects must be weighed against some suggestions that a global increase in autophagy might have negative effects as well by Fig. 1 Potential roles of autophagy in NAFLD pathogenesis. In the setting of peripheral insulin resistance, increased lipolysis in adipose tissue elevates levels of serum FFAs that are then taken up and stored by hepatocytes leading to steatosis. This excessive lipid accumulation promotes hepatic insulin resistance and oxidative stress. Adipose tissue inflammation produces cytokines such as TNF and chemokine (C-C motif) ligand 2 (CCL2) that can cause hepatocyte toxicity and trigger a hepatic innate immune response, respectively. Activated M1 macrophages produce additional cytokines and other cytotoxic factors such as nitric oxide (NO) and reactive oxygen species (ROS), whereas the products of anti-inflammatory M2 macrophages mediate injury resolution. In hepatocytes, autophagy may function to limit steatosis through the effects of lipophagy, and limit cellular injury from factors such as oxidant stress and TNF cytotoxicity. In macrophages, autophagy functions to limit inflammation by decreasing M1 and increasing M2 macrophage polarization. With the decrease in autophagy that occurs in both hepatocytes and macrophages with obesity, reduced levels of autophagic function may lead to increased steatosis, hepatocellular injury, and inflammation in NAFLD. Inhibitory pathways are shown in red promoting hepatic stellate cell activation and fibrosis. However, the effects of reducing liver injury and inflammation would likely have a more potent anti-fibrotic effect than any direct effect that increasing hepatic stellate cell autophagy has on myofibroblast activation. Another consideration is that depending on the mechanism of action of the therapeutic agent, it may not effectively overcome the blockage in autophagic function. For example, if the defect in autophagy in fatty livers exists at the level of autophagosome/lysosome fusion, then agents that target upstream factors may not be able to overcome the block and effectively up regulate autophagic function.
The effects of several interventions already employed in NAFLD therapy, or known to influence the incidence of NASH, have been demonstrated to alter levels of autophagy. Weight loss is a treatment for obese patients with NASH, and modest weight reduction from dieting can significantly improve liver transaminases. Nutrient deprivation is the prime inducer of autophagy, so it is possible that part of the effect of caloric restriction is through an increase in autophagy. Extended periods of fasting may be particularly effective to induce autophagy. Increased exercise is usually part of any weight loss regimen, and exercise itself induces autophagy [66] . Coffee drinking is associated with a reduced prevalence of NASH [67] , and caffeine protects against NASH in mice by increasing lipophagy and mitochondrial b-oxidation [68] . Thus, it is possible that the induction of autophagy by caffeine mediates coffee's beneficial effect in NASH. Thyroid hormone induces hepatic lipophagy [69] , which may be the mechanism for the association of increased NAFLD in hypothyroidism [70] . Similarly, the association of hypovitaminosis D with NAFLD [71] might be explained by the ability of vitamin D to induce autophagy [72] . Changes in autophagy might therefore be the mechanism of the effects of a number of factors that have already been established to treat NAFLD or affect its prevalence.
Several drugs already in use in humans for other indications increase autophagy and have the potential to treat NASH through this mechanism. Recently, carbamazepine, a commonly used anticonvulsant in humans, was demonstrated to be beneficial in the treatment of a murine model of a 1 -antitrypsin deficiency, a disease in which defects in autophagy are postulated to promote the progression to liver disease [73] . This drug was subsequently shown to significantly limit both rodent NAFLD and alcoholic fatty liver disease [74] . The potential anti-diabetic agent glucagon-like peptide 1 (GLP-1) may be effective in NASH in part due to its promotion of macroautophagy [75] . Calcium channel blockers have been reported to reverse murine NASH by restoring autophagosome-lysosome fusion which is disrupted by altered calcium homeostasis [19] , although human studies on the effects of these agents on diabetes have led to mixed conclusions about the effectiveness of these drugs on the metabolic syndrome. With the significant interest in developing agents to increase autophagy in many diseases, additional agents may soon be available that are even more effective inducers of autophagy and potentially useful for the treatment of NAFLD.
Key Messages
• Autophagy is a lysosomal degradative pathway of which two types, macroautophagy and CMA, regulate a number of critical cellular functions that are relevant to the pathophysiological events underlying NAFLD.
• Levels of autophagy in the liver are decreased in conditions that predispose to the development of NAFLD such as obesity and aging, suggesting that the loss of autophagic function may be involved in the pathogenesis of NAFLD.
• Autophagy has important metabolic effects including the promotion of insulin sensitivity and the degradation of intracellular lipids that may regulate the development of steatosis.
• Macroautophagy and CMA mediate cellular resistance to death from many types of injurious stimuli such as oxidants and TNF suggesting a role for autophagy in preventing the progression to liver injury in NAFLD.
• The decrease in macrophage autophagy that occurs with obesity promotes a more proinflammatory phenotype through effects on macrophage polarization that may be a mechanism for the over activation of innate immunity in NASH.
• The existence of impaired autophagic function in NAFLD, and the potential beneficial effects of autophagy in preventing steatosis, hepatocyte injury and inflammation, suggest that therapies designed to increase autophagy may be an effective treatment for this disease.
